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FOREWORD

The work summarized in this report was supported by SERI under the Wind Energy
Innovative Systems Program. The technical project manager was Dr. Irwin E. Vas,
assisted by Mr. Richard Mitchell. The subcontract administrator was Ms. Lori Miranda.

This research report summarizes the results to-date of the development of a novel wind
turbine system, the dynamic inducer. This report discusses the results of analytic
investigations, and wind-tunnel and field-testing of a dynamic inducer system. The
program demonstrated that a significant improvement in performance of the rotor is
achievable with the dynamic inducer system. The results suggest that additional testing
of the concept can lead to further performance improvements and demonstrate
substantial cost/benefit advantages over conventional rotors.
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ABSTRACT

The performance benefits of the dynamic inducer tip vane system have been experi-
mentally demonstrated for the first time. Tow-tests conducted on a three-bladed,
3.6-meter diameter rotor have shown that a dymamic inducer can achieve a power
coefficient (based upon power blade swept area) of 0.5, which exceeds that of a plain
rotor by about 35%. Wind tunnel tests conducted on a one-third scale model of the
dynamic inducer achieved a power coefficient of 0.62 which exceeded that of a plain rotor
by about 70%. The dynamic inducer substantially improves the performance of
conventional rotors and indications are that higher power coefficients can be achieved
through additional aerodynamic optimization. It is noted that the wind turbine system
used as a baseline unit is the Kedco 1200, a conventional propeller-type wind turbine with
power blades designed for optimum performance without tip vane augmentation. In
addition, the tip vane utilized a standard conventional NACA airfoil selected on
conservative grounds to guarantee acceptable performance. More advanced high lift-to-
drag airfoil sections are expected to improve the tip vane effectiveness.

The analytical and experimental development efforts summarized in this report suggest
that the dynamic inducer can play a major role in future turbine technology. A new
method for calculating wind tunnel corrections for augmented wind turbines is developed.
This shows that corrections are very significant. For example, with a blockage of 16%,
the corrected power coefficient is about 20% lower than that actually measured.
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SECTION 1.0

INTRODUCTION

Innovative concepts are being sought to improve the technical and economic performance
of wind energy conversion systems (WECS). One promising technique for improving the
cost-effectiveness of WECS is the use of tip vanes. Tip vanes are small airfoils attached
approximately at right angles to the rotor tips with their span oriented approximately
parallel to the local freestream (Figure 1-1). The tip vanes serve to increase the capture
area and power output of the rotor, and have the potential of high power increases
without significant penalties in terms of the size, complexity or cost of the system.

The WEC system has the capability of achieving about the same augmentation as a static
duct, which also augments the mass flow through the actuator. In the present case, the
aerodynamic forces on the moving tip vanes induce flow through the rotor and achieve
augmentation. Thus, it is referred to as a dynamic inducer. Since it requires considerably
less structure, the dynamic inducer has the potential for surpassing the overall efficiency
and economic performance of conventional static augmentors.

The cost/benefit advantages of the dynamic inducer include:

3 significant power increases,

. ‘simple and compact structure,

° adaptability to conventional rotors, and
o feathering control via tip vanes possible.

The concept of using tip vanes to increase the power extraction of a wind turbine was
first introduced in The Netherlands (van Holten, 1974, 1976). van Holten calculated the -
increased power extraction by relating the increased mass flow to the radial forces on the
tip vanes. For a cylindrical vortex, the induced drag was calculated from the energy in
the far wake. The results of the calculations indicated that, for a given frontal area, the
power output of a WECS can be doubled by installing tip vanes.

The basic concept of flow induction was discussed in more general terms in the United
States (Lissaman, 1976a, b). It was shown that, for a given tip vane rotor geometry, the

augmentation varies like 'XZ, while the drag of the tip vane is proportional to X3 , where X
is the tip speed ratio of the rotor.

A more detailed analysis of the dynamic inducer concept was carried out earlier
(Lissaman and Walker, 1978). A staggered array vortex model was developed to compute
the induced drag and flow augmentation of dynamic inducer systems. For a commercially
available 3.6-m diameter WECS, the results of the calculations showed that power
augmentation increases of 50% may be attainable at optimal conditions.

Performance calculations for tip vanes were carried out recently (de Vries, 1979). The
calculations were based upon momentum arguments and neglected induced drag. They
showed that augmentation ratios in excess of 5 may be achievable for high tip speed ratio
rotors equipped with optimum tip vanes.




Figure 1-1. CLUSTER OF DYNAMIC INDUCERS (ADAPTED FROM POSTER SHOWING
CONVENTIONAL WECS PUBLISHED BY NATIONAL SWEDISH BOARD

OF ENERGY SOURCE DEVELOPMENT)




In summary, the available theoretical models suggest an excellent performance potential
for tip vanes. However, they neglect three-dimensional flows and separation effects,
which can be important factors in the overall system performance.

The high augmentations predicted for the dynamic inducer system have not been observed
experimentally prior to the present study. Experimental measurements of the flow
augmentation and drag of tip vanes were conducted in The Netherlands (van Holten, 1978).
Mass augmentation ratios of 4 to 5 have been calculated on a model tip vane system
without power blades. The calculations were based upon expansion of the streamtube
observed using a smoke tracer for flow visualization. Corresponding torque measurements
indicated relatively high total drag for the tip vanes, C,~0.03, attributable primarily to
viscous drag. The tip vanes were operated at a synchronous tip speed ratio designed for
vortex cancellation. At the synchronous tip speed, the trailing vortex from the upwind tip
is aligned with the trailing vortex from the downwind tip of the following tip vane.
Analysis of the torque measurements suggested low values of induced drag -- consistent
with theory. The drag coefficient of the tip vanes approached the drag coefficient of a
two-dimensional airfoil.

Performance measurements on a commercially available 3.6-m diameter WECS fitted
with tip vanes were conducted in the United States (Lissaman and Walker, 1978). The
observed power output of the dynamic inducer was less than that of the basic rotor at
higher tip speed ratios. It is believed that the flow in the tip vane rotor junction was
separated, so that the incremental drag due to separation cancelled the anticipated 40%
increase in power due to augmentation.

The above experimental results show that the dynamic inducer concept requires careful
consideration of separation and drag effects. While theoretical analysis and limited
experimental tests have shown the potential for mass flow augmentation, the demonstra-
tion of satisfactory performance of the system has been hampered by drag and separation
problems. Significantly, no previous results have been published from the complete
dynamic inducer system tested under controlled conditions.

For the past three years, AeroVironment Inc. (AV) has been active with the analytical and
experimental investigation of the dynamic inducer. This work was originally funded by
the U.S. Department of Energy (DOE) and later supported by SERI under Contract
No. XH-9-8085-1. The goal of this program was to experimentally substantiate the
improved power output of a dynamic inducer system. The specific elements of the
program include:

° Task 1 - Analysis. An analytical model was developed with the capability of
predicting tip vane performance in viscous rotating flow and for non-synchro-
nous operation. The model was utilized for the development of designs for tip
vanes and power blades for wind tunnel tests and field tests.

. Task 2 - Wind Tunnel Test. A scale model of the dynamic inducer was
designed, fabricated, and tested in a wind tunnel facility.

° Task 3 - Field Test. A f{full-scale dynamic inducer system was designed,
fabricated, and tested on a conventional three-bladed, 3.6-m diameter WECS.

The following sections describe the accomplishments for each of the above tasks.



SECTION 2.0
ANALYTICAL PROGRAM

2.1 DESIGN CRITERIA

To determine the performance characteristics of the dynamic inducer and to select a
suitable design based upon these calculations, an analytical investigation was conducted.
To evaluate candidate rotor and tip vane designs, the following criteria were used:

° potential for high augmentation,

] compatibility with available three-bladed, 3.6-m, 1200-watt commercial
(Kedco) WECS, and

° ease of fabrication.

An available, non-optimum three-bladed rotor was selected as the baseline system
(Figure 2-1). While it was recognized that higher augmentations are possible with more
advanced configurations, such as a two-bladed, low-solidity, high tip speed rotor, it was
felt that further optimization of the WECS design could be achieved once the basic
operation of the dynamic inducer was demonstrated.

- 2.2 PERFORMANCE PREDICTION MODELS

2.2.1 ' Rotor Performance

The basic computer program used for calculating rotor performance is an updated version
of PROP code developed by the NASA Lewis Research Center (Wilson and Lissaman, 1976)
and described in a recent report (Hibbs and Radkey, 1980). This program computes
horizontal axis windmill performance using the Glauert momentum strip theory. As input,
the program uses the twist, chord, and the lift-drag characteristics of the airfoils at
several stations along the blade. The specification of the airfoil characteristics at each
station allows the inclusion of the Reynolds number effects along the blade's length. As
the blade rotates, each element sweeps out an annular strip.

The Glauert strip theory determines the windmill performance by equating the blade
forces, both axial and circumferential, determined by a two-dimensional airfoil theory,
with the change in momentum of the air going through the annular strip. Once the change
in the momentum is known, the axial and circumferential interference factors are
computed. This allows computation of the flow velocity and angie of attack at the blade
element, closing the problem. Typlcally, the equations describing the above process are
solved in an iterative manner,

Figure 2-2 gives the predicted power coefficient of the baseline rotor system as a
function of tip speed ratio and blade feather angle. The calculations show that, at a
nominal blade feather angle of 12 degrees, the maximum power coefficient of the rotor is
Cp = 0.415 at a tip speed ratio X = 3.2. Appendix A gives a tabulation of the detailed

performance characteristics of the rotor, including the thrust, torque, and power
coefficients. :




One-Third Scale Model of Kedco 1200-watt Turbine

Design Tip Speed Ratio 4.5

Solidity 13%
Profile Wortman FX60-126 (root), FX61-184 (tip)
Twist 9-1/2 ' .

1.2

Y (dimensions in meters)

Figure 2-1. BASELINE ROTOR SYSTEM SELECTED FOR PROGRAM
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2.2.2 Dynamic Inducer Performance -

The performance of the dynamic inducer system can be modeled on the basis of
momentum theory. The power coefficient for the dynamic inducer is given by:

~ Cp=ECyCy-Cp - | (2-1)
where the efficiency of the rotor for a specific tip speed ratio is found from
- 2 '

E = Eg [1-01-x/%)?)], | 2-2)
where . .

XD = rotor design tip speed ratio

Ep = rotor base efficiency (normally set to 80%)

CI—I = pressure loss coefficient

CM = mass flow coefficient

CPL = power loss coefficient due to the drag of the tip vanes
The pressure loss coefficient is equal to the normalized axial momentum through the
rotor,

Cy=tall-a), - (2-3)
where

a = axial ihterference factor at the plane of the rotor

The mass flow coefficient of the system is given by:
CM = ACM +1-a, (2-4)
where the incremental mass flow generated by the tip vanes, ACL. Y is given by
XC CL I*
4

The chord of the tip vane is normalized by the rotor radius is C = ¢c/R, and the lift
coefficient of the tip vane is CL'

ACM = (2-3)

The induction factor, I*, consists of the induction factor at the synchronous tip speed
ratio, I, scaled by the ratio of actual to synchronous tip speed ratio,

I* = I;( . . " (2-6)

Figure 2-3 gives the axial induction factor taken from an earlier work (Lissaman and
Walker, 1978).
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The power coefficient loss due to tip vane drag is given by

3
X"A N(C, +C.) )
e v by by : (2-7)
PL ~ 7
where
A = area of a tip vane normalized by the actuator area
N = number of tip vanes
CD = profile drag coefficient of the tip vane
o
CD = induced drag coefficient of the tip vane

The induced drag coefficient of the tip vane, CD » was calculated from a planar staggered
i

array program developed at AV. The planar staggered array program calculated the

downwash field and induced drag coefficient for an array of 20 tip vanes represented by

200 horseshoe vortices and 220 trailing vortices. Figure 2-4 shows a sketch of the planar

wake geometry,

The AeroVironment dynamic inducer performance model, DYPERF, uses the above
formulation to optimize CP for the best value of the axial interference factor, a. The
input parameters include:

) the span, parasite drag coefficient (drag coefficient excluding induced drag),
angle of attack for each of 10 tip vane sections

) the chord and twist distribution of the tip vane,

) the design tip speed ratio, rotor efficiency, and number of blades for the

power blade, and
° the loading (CCL) of the power blade.

Figure 2-5 shows a sample output from a staggered array wing. The plot shows a tip vane
lift coefficient normalized by the two-dimensional lift coefficient, and a tip vane-induced
drag coefficient normalized by the three-dimensional lift coefficient for high aspect ratio
planforms, as a function of the spacing parameter,

b N B X
b+s - 3x1 : (2-3)

where b is the tip vane span and s is the tip vane separation (Figure 2-5).

At the synchronous condition, b/b+s = 1, the lift coeffient of the tip vane is about 80% of
the two-dimensional lift coefficient, while the drag coefficient is about 50% of the three-
dimensional drag coefficient for high aspect ratio planforms. At higher tip speed ratios
(subsynchronous operation), the lift and drag coefficients of the tip vane approaches that
of a three-dimensional low aspect ratio airfoil. The minimum drag for the tip vane is
predicted to occur at supersynchronous conditions, X/XS = b/b+s = 0.8.
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Tip Vane Geometry
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Figure 2-6. PREDICTED POWER COEFFICIENT VERSUS TIP SPEED RATIO FOR
BASELINE ROTOR SYSTEM WITH 1.4 ASPECT RATIO TIP VANES
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Figure 2-5 gives, for comparison purposes, the lift and induced drag coefficients calcu-
lated upon the basis of lifting-line analysis (van Bussel, 1978) for the tip vane. Results
from the AV-staggered wing model show the same general trends as the lifting-line
analysis. However, the AV program predicts higher induced drag and higher lift
coefficients at subsynchronous tip speed ratios, and lower induced drag and lower lift
coefficients at supersynchronous tip speed ratios. This result is attributed to differences
in the two formulations. The lifting-line analysis assumes that the lift distribution on a
tip vane is principally affected by the disturbing downstream flow field of the preceding
tip vane. Thus, the analysis considers only the velocity perturbation caused by the wing
itself and its follower. ‘

On the other hand, the AV-staggered wing model includes the velocity perturbation
caused by the wing itself and up to 19 followers. In this respect, the AV-staggered wing
model is believed to be more representative of the actual dynamic inducer configuration.
However, the two models are planar so that the full three-dimensional tip vane wake
geometry is not adequately represented. For this reason, the predicted tip vane
performances shown in Figure 2-5 are approximate.

Based upon the above formulation, performance calculations were carried out for

_ different tip vane configurations. Figures 2-6 through 2-8 give the predicted power
coefficients for three candidate tip vane configurations. The power coefficient versus tip
speed ratio of the baseline rotor is approximated as a parabola with a maximum
Cp = 0.475 and is also shown in the figures.

The results of the calculations indicate that the baseline rotor equipped with a set of
medium aspect ratio, high lift-to-drag ratio tip vanes can achieve a power coefficient
approaching the ideal performance (Betz) limit of 0.593.

2.3  SENSITIVITY OF THE DYNAMIC INDUCER TO DESIGN PARAMETERS

2.3.1  Size of Tip Vane

An expression for the total power augmentation of the dynamic inducer system was given
in the previous section. This formulation can be normalized by the performance of an
ideal rotor and further simplified by assuming a synchronous tip speed ratio, and by
assuming that all the augmentation is recovered by the rotor (E = 1.0), so that

c
P 3X 91X
———Cp =1+ (_Sn) I1C CL[l -L/OT I] , (2-9)
Betz

where L/D is the lift-to-drag ratio of the tip vane.

A second relationship which governs the size of the tip vane is obtained from the
condition that the design tip speed ratio of the rotor matches the tlp speed ratio of the tip
vanes at the minimum drag condition

XD = ®min drag ’ : (2-10)

where X equals f XS’ and f is a function of the aspect ratio of the tip vane, as

min drag
illustrated in the earlier induced drag calculations.
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Therefore, it follows that the optimum span of the tip vane normalized by the rotor radius
is given by .

2nf

B= .
NXDA

(2-11)

It is important to note that the span of the tip vane is inversely proportional to the design
tip speed ratio of the rotor, so that large tip vanes are necessary for low tip speed ratio
turbines. Conversely, small tip vanes are suitable for high tip speed ratio rotors, such as
the modern, low solidity, two-bladed WECS.

The above relationship governs the size of the tip vane for a given system. Based upon
earlier measurements (Lissaman and Walker, 1978), for example, for the three-bladed
baseline rotor, the design tip speed ratio is X = 4.0, and array calculations suggest that
for medium aspect ratio tip vanes the mlmmurg induced drag configurations occurs in the
range of f = 1 to 1.3. Therefore, the optimum tip vane span is B = 0.5 to 0.7. To achieve
a power coefficient approaching the Betz limit, the geometnc chord of the tip vanes is
selected to be C = 1.2 to L.4.

2.3.2 Profile of Tip Vane

The lift-to-drag ratio of the tip vane plays an important role in the power augmentation
of the system. A formulation was given in the preceding section for the power coefficient
of the dynamic inducer normalized by the power coefficient for an ideal rotor. For the
dynamic inducer to achieve a lift coefficient greater than or equal to the Betz limit,
c /C > 1, the lift-to-drag ratio of the tip vane is

P* Ppetz ~

L/D >97X/T . | (2-12)

Figure 2-9 shows the minimum lift-to-drag ratio necessary to equal or surpass the Betz
limit for a three-bladed dynamic inducer system. The results show that for the baseline
rotor with a design tip speed ratio XD = 4, the tip vane L/D > 34 for Cp/Cp > 1.

Betz

Note that for higher tip speed ratio rotors, higher values of the tip vane L/D are
necessary to achieve the same performance. However, as noted earlier, the size of the
tip vane will be reduced for higher a tip speed ratio system. Thus, a tradeoff occurs
between the tip vane size and L/D. For example, for the selected low tip speed ratio,
three-bladed baseline system, the necessary size for the tip vane is relatively large, while
the necessary L/D is low. Clearly, it is a conservative design with room for improvement.

An important factor in the overall L/D of the tip vane is the performance of the selected
airfoil section. Figure 2-10 is a plot of the lift-to-drag ratio versus Reynolds number,
Re, for different airfoils. The calculated Reynolds number for a one-third scale model of
the baseline rotor system operating in a wind tunnel is Re = 384,000. At this Reynolds
number, the maximum lift-to-drag ratio of 125 is achieved with the NACA 4415 profile.
This profile has an lift-to-drag ratio of 150 for the full-scale baseline rotor with
Re = 852,000. For this reason, the NACA 4415 section was selected as the tip vane design
for this program.

Note that for large WECS with Re > 106, the maximum lift-to-drag ratio is likely to be
higher, particularly with advanced airfoils of the incipient separation type. These results
suggest that the design of tip vanes for high tip speed ratio of large WECS is attractive.
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2.3.3 Geometry of Tip Vanes

To maximize the performance of the dynamic inducer, a tip vane geometry with the
highest lift-to-drag ratio is sought. Aspect ratio, taper, and twist can be-used to control
the spanwise loading of the tip vanes and to maximize the lift-to-drag ratio. With the
exception of twist, the effect of these parameters on dynamic inducer performance was
investigated in the present study. To minimize the complexity of the tip vanes for design
and fabrication purposes, only straight tip vanes without twist were considered.

A tip vane operates in the wake of the preceding tip vane and power blade. Therefore,
variations occur in the spanwise loading of the tip vane due to vortex interactions. Figure
2-11 illustrates a two-dimensional tip vane array operating in the synchronous mode. The
figure shows that the trailing vortex filament from a tip vane generates a downwash on
the upwind portion and an upwash on the downwind portion of the following tip vane. The
idealized sketch does not show the trailing vortex shed by the power blade, which also
affects the tip vane spanwise loading. Under non-synchronous operating conditions, the
spanwise loading distribution is more complicated, since the vortex filament from the
upwind tip of a tip vane does not cancel the vortex filament from the downwind tip of the
following tip vane.

To maximize the lift-to-drag ratio of the tip vane, it is desirable to obtain a lift
coefficient which approaches that of a two-dimensional airfoil. Figure 2-12 shows the
spanwise loading distribution computed for a rectangular tip vane. The calculations are
based upon the AV staggered-wing model discussed earlier. For comparison, calculations
from the Delft model (van Bussel, 1978) are also shown.

In uniform flow, the lift coefficient of the aspect ratio, AR = 2, tip vane is approximately
one-half that of a two-dimensional airfoil. For a 40% span wake overlap, s/b = -.4, the
lift coefficient of the tip vane begins to approach that of a two-dimensional airfoil.
These trends suggest that the lift-to-drag ratio of the tip vane can be maximized through
proper selection of aspect ratio and taper.

Whiie the vortex interactions can be used to enhance tip vane performance, the problem
of separation is also present. As shown earlier in Figure 2-12, a spike occurs in the
spanwise loading distribution at the location of the vortex filament. If the resulting lift
coefficient is above that of the maximum lift coefficient of the profile, separation will
occur. The incremental lift coefficient of the tip vane, defined as the difference in the
maximum lift coefficient between the actual tip vane and a tip vane operating in uniform
flow, varies with aspect ratio and is not very sensitive to the taper ratio, as illustrated in
Figure 2-13 for candidate tip vane geometries. :

Off-design performance is another consideration in the selection of tip vane geometry.
Since the tip vane lift-to-drag ratio is influenced by the vortex wake geometry, and since
the vortex geometry changes with rotor tip speed ratio, the performance of the dynamic
inducer can vary considerably with tip speed. Figure 2-14 illustrates the effect of tip
speed ratio on the spanwise lift distribution of the tip vane. The trends indicate that the
maximim lift coefficient occurs at slightly supersynchronous tip speeds, X/XS ~ 1.4, for
the low aspect ratio design considered.

Cohsidering the effects of tip vane geometry, a medium aspect ratio planform with slight
taper was selected for the baseline rotor. The induced drag calculations showed that this
design had a sufficiently high lift-to-drag ratio to achieve a performance approaching that

19



l Upwash Region

Downwash Region ‘

Tipvane

Observed Vortex
System

Span

Figure 2-11. VARIATION IN SPANWISE LOADING OF TIP VANE

20




ANVA dLL dVINDNYLDdY dO0:Ad 4LNdWOD DNIAVYOT ASIANVAS  Z1-7 24

uedg
0l $L0 <0 €Z'0
| T

> <=

Mol woRun X % .

21

\ s ja—

H-=qfs
de1aAQ e %0h N

q-> aa

Z = AV ‘[PpOW 1ULOITIA0IDY ¥

19POW 1ol ——




ACQ
<
N\ O\~
N\ Uniform Flow
\
Span
1.0 v : (@) \R =2
- D 1‘\R = qu‘.
AC
2
0.5
0 | | | !
9 l 2 3 4 3
. Root Chord
Taper Ratio (W )

Figure 2—13. EFFECT OF ASPECT RATIO AND TAPER ON INCREMENTAL LIFT
COEFFICIENT OF TIP YANE

22




ANVA diL 40 NOLLNEIILSIA 14T ASIANVJS NO OLLYY OFAdS dIL H0 1D3ddd  “#i-Z 9ndiy :

%06 ¢ -
%04 -
%0E v -

de1oAQ e 0 (MO[f wioiun) g = q/fs

23

o o~
ht- L1
£ - h1
0 0°1

@/s) @/ X0 a—
depioaQ e M oney paadg dif

Z=uv
I:¢ oney) 1ade]




of an ideal WECS rotor. Since the tip vane geometry is optimized for the operating
characteristics of the baseline rotor configuration, it is anticipated that different tip
vanes will be suitable for different rotors. For example, for a two-bladed, low solidity
rotor, rectangular tip vanes may be more advantageous than the above design.

2.3.4 Orientation of Tip Vane

Since a high lift-to-drag ratio is sought for the tip vane, the proper orientation of the tip
vanes is critical. Figure 2-15 shows a tip vane orientation. The angular setting of the tip
vanes includes an angle of attack, tilt, and sweep. ’

To achieve the maximum lift-to-drag ratio, an angle of attack corresponding to the
CL of the tip vane profile is sought. Because of vortex interactions, the staggered
max :
array calculations indicated maximum section lift coefficients, a factor of 1.6 or so
higher than for a two-dimensional airfoil. Therefore, to maintain attached flow, the angle
of attack of the tip vane should not exceed the angle of attack for (1/1.6) C| of the
' max
profile. For eoxample, the maximum angle of attack for the tip vane should be
approximately 4~ for an NACA 4415 profile. Since these calculations neglect the effect
of the power blade vortex, they provide only a qualitative setting for the tip vane angle of
attack.

The performance of the dynamic inducer is sensitive to tilt. Since the power extraction
of the dynamic inducer is proportional to the downwind thrust, and since the downwind
thrust is a function of the tip vane tilt, the maximum tilt angle is sought for the tip vanes.
However, drag considerations place a limit on the maximum allowable tilt angle. At high
tilt angles, vortex cancellation (synchronous operation) is, no longer possible, since the
vortex filaments do not coincide,

Figure 2-16 shows the effect of tilt-angle on tip vane drag {van Holten, 1978). The drag
measurements were obtained by spinning two low aspect ratio tip vanes on struts and
measuring the absorbed shaft power. The measurements show that the lowest tip vane
drag coefficients occur at tilt angles on the order of 23°. Based upon these empirical
measurements, the optimum tilt angle appears to be on the order of 20°. This trend may
vary for tip vanes of different geometry.

The sweep angle of the tip vane is determined by the inflow angle at rotor tip. Since it is
desirable to maximize the lift-to-drag ratio of the tip vane, the optimum sweep angle is
one where the quarter chord line of the tip vane is oriented perpendicular to the local
flow so that the spanwise flow is minimized. Thus, the optimum sweep angle of the tip
vane is equal to arctangent (1/X), where X is the tip speed ratio of the rotor.

Figure 2-17 shows the effect of sweep angle on tip vane drag (van Holten, 1978). The
measurements show that the minimum tip vane drag occurs at about 16° for a pair of low
as%ect ratio tip vanes mounted on struts. Based upon these observations, a sweep angle of
20~ was selected for the dynamic inducer system.

2.3.5 Other Design Considerations

In addition to the geometry and orientation of the tip vanes, other important design
considerations involve local flow separation, the effect of the power blade on the loading
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of distribution of the tip vane, the asymmetric thrust on the tip vane, and the effect of
the tip vane on the loading distribution of the power blade.

Figure 2-18 shows the tip vane regions where separation is likely to occur based upon
earlier experimental tests. Separation can occur at the tip vane power blade junction, on
the suction side of the tip vanes, and near the leading edge and tips of the tip vanes on the
positive pressure side. Care must be exercised in the design of the tip vane to eliminate
separation in these regions.

The presence of the power blade alters the loading distribution of the tip vane.
Figure 2-19 shows the flow field induced by the power blade on the tip vane. The trailing
vortex from the power blade induces a downwash component on the upwind portion, and an
upwash component on the downwind portion of the tip vane. Smaller perturbations occur
in the chordwise velocity component.

Figure 2-20 shows the effect of the power blade on the spanwise loading distribution of
the tip vane. The calculations were carried out with the staggered wing model discussed
earlier, modified to include the trailing vortex from the power blade. The calculations
indicate that the power blade increases the loading on the downwind portion and decreases
the loading on the upwind portion of the tip vanes, and introduces an additional
-discontinuity in the loading near the mid-section. Since the upwind portion of the tip
vane is more heavily loaded than the downwind portion, and since the power blade unloads
the upwind tip and loads the downwind tip, a beneficial effect occurs. A more uniform
loading results from the presence of the power blade.

Figure 2-21 illustrates the effect of the power blade on the aerodynamic performance of
the tip vane. The calculations were carried out with the staggered array model, including
the trailing vortex from the power blade. The calculations show that the presence of the
power blade is noticable only at off-design, subsynchronous tip speeds. For the majority
of the operating range of the dynamic inducer, the effect of the power blade is not
significant. ‘

Since the spanwise loading on the tip vanes is asymmetric, an unequal spanwise thrust
occurs at the tips. The resultant tip thrust results in rotor drag. The drag component is
given by :

D =<T1-T2) cos v , » : (2-13)

where ’I'l and ‘I'2 are the spanwise thrust components at each tip, and ¥ is the tilt angle.
The total tip thrust is given by

pC 2711
T|dT
Tl-T2=?d_.|:_d§_]o , (2-14)

where C‘l' is the chord of the tip vane at the tip, # is the air density, and [dI‘/dy é is the

difference in the gradient of the spanwise loading between the two tips. This formulation
suggests that changes in the spanwise loading distribution through modifications in tip
shape can reduce the total drag coefficient of the system. As shown in Figure 2-22,
raking and rounding of the tip alters the tip vortex trajectory (van Holten, 1979). This can
reduce tip suction.
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Figure 2-23 illustrates the effect of tip shape on the drag coefficient of tip vanes
(van Holten, 1979). The results show that by rounding the downwind tip, and by adding a
Hoerner tip to the upwind tip, the performance of the dynamic inducer is improved. The
tip of the airfoil is tapered gradually to a sharp edge in the Hoerner tip. The sharp edge
causes the tip vortex to detach from the tip and tends to reduce the tip suction.

The induction generated by the tip vane affects the angle of attack distribution of the
power blade. Figure 2-24 shows a sample induced velocity calculation. The results show
that for typical operating conditions, the tip vane induces a positive angle of attack on
the power blade, ran%'ng from 1° at the tip to a maximum of 2.5° at 80% blade radius,
and diminishing to 1.8" at the blade root. These calculations suggest that for the selected
baseline rotor the twisting of the power blades to achieve optimum performance is not
necessary. However, for a dynamic inducer with higher augmentation ratio, the power

blade twist may have to be altered to achieve optimum performance.

2.3.6 Selected Design Parameters

Based on the above analysis, a dynamic inducer system was designed for the baseline
-rotor. Table 2-1 summarizes the elements of the design. The performance trends
indicated that additional aerodynamic optimization of the system is possible using a lower
solidity, higher tip speed ratio baseline rotor.
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Table 2-1.

SELECTED DESIGN PARAMETERS FOR DYNAMIC INDUCER

Parameter Criteria Result
BASELINE ROTOR
Design tip speed ratio Given X=4
Solidity Given 139%
Profile Given FXeél-126, 184
Twist Given 9°
Number of blades Given 3
TIPVANE SYSTEM
Span System syhchronous b/R=.5t0.7
at X =1-3
Chord Desired power augmenta- | &/R =.12
tation ~ 40%
Profile High lift-to-drag ratio NACA 4415
Aspect ratio Minimize induced drag 4
Taper Minimize induced drag 3:2
Twist Simple fabrication No twist

Power blade/tip vane
junction

Tip modifications

Minimize parasite
drag

Minimize asymmetric
tip suction

Fairing made
for junction

Tip of upwind

tip raked 30°%;
Hoerner tip

and a rounded

tip used on upwind
and downwind tips,
respectively
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SECTION 3.0
WIND TUNNEL TEST PROGRAM

3.1 OBJECTIVES OF TEST

A wind tunnel test program was conducted to determine the performance. of a one-third
scale model dynamic inducer system. The objectives of the test included:

. obtaining direct measurements of rotor torque, thrust, and rpm, and

. visualizing the flow patterns associated with the dynamic inducer to determine
and rectify array anomalies in system performance.

. 3.2 DESCRIPTION OF MODEL

Figure 3-1 shows the general layout of the dynamic inducer system. A one-third scale
model of this system was fabricated for the wind tunnel tests. Consistent with augmented
turbines, the power é:oefﬁcient of the rotor is computed based on the reference disk area
of theb rotor, 10.2 m~. The 15" tilt of the tip vanes increases the frontal area of the rotor
by 15°.

3.3 DESCRIPTION OF INSTRUMENTATION

As shown in Figure 3-2, the metric system consisted of a three-horsepower D.C. motor,
tachometer and in-line shaft-mounted torque, and thrust transducers. The accuracy of
the RPM, torque, and thrust monitoring instruments was within 1%, 2%, and 5%,
respectively. The D.C. motor was equipped with a regenerative drive and feedback
controller enabling it to maintain a specified RPM under an arbitrary positive or negative
load. Under negative loads, the motor functioned as a brake (generator), feeding power
back into the line. It was expected that the inducer system may require power for spin-up
at some settings, but sufficient starting torque was available from the dynamic inducer so
that the motor actually operated in the generator mode for all of the test conditions.

3.4 OPERATING PROCEDURE

The thrust and torque coefficients were measured over a range of tip speed ratios from 2
to & for a total of 51 different model configurations, including variations in blade feather
angle and tip vane geometry. The majority of the tests were conducted at a freestream
velocity of 10 m/s, corresponding to a Reynolds number of 640,000 at a nominal tip speed
ratio of 4 for the tip chord. The freestream velocity was reduced to 8 m/s at tip speed
ratios above 6 to reduce the blade loads. The reference freestream velocity was
measured to within 1% by the pitot-static system installed in the wind tunnel.

The tests were conducted in the following manner:

° the tunnel was brought up to speed,

[ the rotor RPM was set corresponding to a specified tip speed ratio,
. the tunnel velocity was brought to equﬂibrfum, and



Figure 3-1. VIEWS OF FULL-SCALE DYNAMIC INDUCER (DIMENSIONS IN. METERS)
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Figure 3-2. ONE-THIRD SCALE WIND TURBINE MODEL INSTALLED IN 10-FOOT
DIAMETER WIND, TUNNEL
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° the RPM, thrust, and torque values were recorded from the digital readouts
over a 10-second averaging period. The repeatability of the measurements
was within the accuracy of the instruments. : .
3.5 WIND TUNNEL CORRECTIONS

3.5.1 General Discussion of Corrections for Augmented Systems

It is well known that most wind turbine systems have higher performance coefficients
when tested in a wind tunnel than when operating in unbounded flow. The basic reason for
this effect is that the wind tunnel wall prevents the major portion of the flow from
bypassing the rotor and forces a larger part of the flow through the rotor than would
normally happen in the freestream case. The standard method of correction for wind in
turbines is well known (Glauert, 1935). The results of this method are shown in earlier
work (Wilson et al., 1976) and demonstrate that these tunnel corrections can be quite
large.

While wind tunnel correction techniques are available for wind turbines, no techniques
have been reported for augmented wind turbines such as the dynamic inducer or ducted
turbines.  Therefore, a new technique was developed to correct the performance
measurements of the dynamic inducer obtained in the wind tunnel. The technique is based
on the fundamental relationship between rotor drag and momentum deficit in the wake. It
is applied to the wind tunnel measurements obtained with the dynamic inducer model.

3.5.2 Performance of Augmented Turbine in Wind Tunnel

Figure 3-3 is a sketch of the flow field for an augmented wind turbine. For simplicity,
the area of the wind tunnel, the fluid density, and the upstream flow velocity is
normalized to unity. At a station sufficiently far downstream, the pressure in the wake
has returned to a constant value, P W’ the flow in the rotor wake of area, Aw, has a

velocity, Vw, while the outer flow has speed, V o and pressure is equal to the wake
pressure, Pw.

Applying the continuity condition at the downstream station, the flow in the wake, Mw’
and outer flow, Mo, are given by

L=M_+M, , | (3-1)

where Mw = AVa, while the areas are related by

1= AW A . (3-2)

Applying the continuity condition to the wake flow, all of the wake flow passes through
the actuator so that

AV =AYV, - 7 (3-3)
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From the above relationships, the flow speed through the actuator is given by

v - Vo Vo -1 ' (3-4)
- -
a v o VWSA
The derivation of the above equation is given in Appendix B.

The total change in momentum flux in the downwind direction is given by

My(L-V)+M, (L-V ) . | (3-5)

The axial acceleration is balanced by the thrust on the rotor and the pressure over the
ends of the stream tube

2
Mo(l'vo)+Mw(l-vw)-l/2+vo

T" 2

1/2 AC , | (3-6)

where C'l' is the axial force coefficient of the system (positive in the drag sense) and is
based on the actuator area, A, and the upstream flow speed. The above equation is
combined with Equations (3-1) and (3-2) to yield
ACT = (VO - 1)(V0 -1+ ZVW) . (3-7)
The decrease in total head in the slipstream is obtained by comparing the kinetic energy
in the slipstream and wake at the downstream station
2 2

2 Hs= Vo - Vw (3-8)
This represents the pressure drop through the actuator so the axial thrust on the actuator
is given by '

2H=Cp, . ’ (3-9)

Now, the total thrust coefficient of the system is given by the thrust coefficient on the
actuator and- augmentor, CT = C‘I'a + CTD’ where CTD is the thrust coefficient on the

augmentor based on the actuator area and upstream velocity. Therefore, the total thrust
coefficient of the system is given by

2 2

CT = Vo ol CTD . : (3-10)

3.5.3 Performance in Unbounded Flow

The tip speed ratio, thrust, and torque coefficients for the augmented turbine operating in
the freestream are given by

X'=rX , (3-11)

Cy = rch, Crp' = rchD , (3-12)
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3
C'=r"C (3-13)
P p’
where the unprimed coefficients are the coefficients measured in the tunnel, the primed
coefficients represent free air conditions at speed, V', and r = 1/V' is the tunnel speed
correction factor for identical performance. Note here that the tunnel speed was
normalized to 1.

For an augmented turbine operating in an unbounded flow of velocity, V', and unity
density, the mass flow through the system is given by (Lissaman et al., 1930)

M= AV V' =A(L-Aa"+b) V', (3-14)

where b' is the no power augmentation (a function of augmentor geometry), and a'is the
axial interference factor (a function of actuator head loss).

Assuming that in the far wake the influence of the duct on the wake is negligible, while
the axial interference factor has developed to 2a'V', the axial force is

T = A2a' (1 - Aa' + BV | (3-15)
so that '

C,' =t (1 -xa'+b") , : (3-16)
while

Cop' =bab! . | . (3-17)

For propeller systems such as the dynamic inducer, the constant, A = 1. However, for
ducted systems where the duct is relatively long compared to the actuator scale, it has
been shown that A = 2 (Lissaman et al., 1978). Thus, the force coefficient for the dynamic
inducer is

CT'= 4a'(l-a'+ 43}3 ),

(3-13)

To simulate the performance of the augmented system in unbounded flow, it is necessafy
to have the same value of thrust and power in both the unbounded flow and the wind
tunnel.

The thrust on the system in the unbounded flow is set equal to the thrust on the system in
the wind tunnel, -«

C 1
v hat(L-a'+ o) =Cp (3-19)
and solving for R,
C 1 .
R®= ba'(l-a'+ —2) Cp . (3-20)
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For kinematic similarity, the mass flow through the actuator in the unbounded flow is set
equal to the mass flow through the actuator in the wind tunnel,

C 1 -
Va=VVis vi-ats 4:P) g (3-21)
50 that
C t
™ |
LU ) (3-22)
va

From the expressions for r2 and r, r is eliminated to give the expression for the axial
interference

2 2 L~ 21172
L Cprfeg +Cp+wv ey cp] Yy | oo
2Cy +4v 2 -

Givgn A, CT’ and CTD which, in principle, can be obtained from wind tunnel measure-

ments, Equations (3-4), (3-7), (3-10), (3-12), (3-22), and (3-23) provide means of
calculating the wind tunnel speed correction factor.

3.5.4 Wind Tunnel Corrections for Dynamic Inducer

Figure 3-4 shows a plot of Cp'/Cp versus C.., with CTD as a parameter for the blockage

ratio of the model, A = 0.16. Note that A and CT were measured, but CTD was calculated
from the tip vane geometry,

Since it was not convenient to instrument the tip vanes separately, the thrust coefficient

of the tip vanes was calculated from the basic aerodynamic loads. For the tip vane
geometry shown earlier in Figure 3-1, the total lift and drag forces on N tip vanes are

given by
L'=1/20U2C SN | | (3-24)
D'=1'sin « , (3-25)

where the flow velocity and tip vane surface area are U~XV'and S = rZBC, and B and C
are the span, and « is the angle of attack of the tip vane. B = b/R, and chord, C = ¢/R, of
the tip vane normalized to the rotor radius, R. Therefore, the force coefficient based on
the actuator area and freestream velocity becomes

CL' sine BCN(X')2

- (3-26)
™D ~ T

cC

At typical operating conditions, CL' = 1.2, X'= 4, so that CTD' =0.3. At the highest
power coefficient setting, the total thrust coefficient of the system was CT~1.2. Thus,

the power coefficient of the dynamic inducer was approximately 20% higher in the wind
tunnel than in the freestream, according to the results shown in Figure 3-4, Similarly,
about a 20% correction is predicted for the rotor alone configuration (CTD = 0) at the
highest power coefficient setting,
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SECTION 4.0
ANALYSIS OF WIND TUNNEL MEASUREMENTS

4.1 PERFORMANCE MEASUREMENTS

Figure 4-1 shows the power coefficients measured in the wind tunnel using the one-third
scale model. The maximum power coefficients are 0.47 for the rotor alone, and 0.78 for
the dynamic inducer configuration. This corresponds to an augmentation ratio of 1l.66.
The maximum power coefficients occurs at a tip speed ratio of 4.

Figure 4-2 shows the corrected power coefficients using the wind tunnel correction
factors discussed earlier. The maximum power coefficients are 0.37 for the rotor alone
and 0.62 for the dynamic inducer configuration. This corresponds to an augmentation
ratio of 1.68. The maximum power coefficient occurs near a tip speed ratio of 4.

The power coefficients of the dynamic inducer, normalized by the maximum power
coefficient of the rotor alone, are plotted against X' in Figure 4-3, using the theoretical
predictions and observed and corrected wind tunnel measurements shown earlier. The
results indicate that the dynamic inducer increases the maximum power coefficient of the
rotor on the order of 70%, and reduces the tip speed ratio range of the system somewhat
from 2 to 8 to 2 to 5. Comparison of the wind tunnel measurements with the theoretical
predictions shows similar trends. However, the theoretical model predicts lower
augmentations occurring at higher tip speed ratios. This is believed to stem from
simplifications in the model. Additional work is: warranted in this area.

4.2 FLOW VISUALIZATION

In addition to performance measurements, flow visualization was conducted of the
dynamic inducer system using tufts mounted on the model and liquid nitrogen as a flow
tracer, Figure 4-4 shows the flow field obtained from corrposite photographs of liquid
nitrogen/water vapor jets introduced upstream of the actuator disk. The near wake flow
includes the trailing vortices from the two tips of the tip vanes and from the tip of the
power blade. Within less than one-third of a revolution, the three vortices merge to form
a single coherent trailing vortex filament. The filament intersects the following tip vane
about 20% span inboard of the downwind tip of the tip vane and passes over the negative
pressure (suction) side of the tip vane. Interestingly, the theoretical staggered array
model predicts the vortex intersection to occur at the downwind tip of the tip vane for
optimum performance.

It is believed that the presence of the blade tip vortex is altering the overall vortex
roll-up process and may be responsible for the intersection being further inboard on the
tip vane.
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SECTION 5.0
FIELD TEST PROGRAM

5.1 OBIJECTIVE OF TEST

A field test was conducted to measure the power output of a full-scale dynamic inducer
system. The objective of the tow-test was to demonstrate the operation of the dynamic
inducer system under realistic conditions.

3.2 DESCRIPTION OF MODEL

The model consisted of the 3.6-m diameter commercially available three-bladed Kedco
wind turbine fitted with tip vanes approximately 1 m in span and 0.25m in chord, as
illustrated earlier in Figure 2-2. Figure 5-1 is a photograph of the model mounted on a
trailer. Figure 5-2 shows a close-up of the tip vanes.

53 DESCRIPTION OF INSTRUMENTATION

A trailer-mounted tower equipped with an electronic system for varying the electrical
load on the Kedco wind turbine was utilized for the field tests. The wind speed was
measured by a Gill anemometer mounted on a 5-m boom ahead and above the vehicle.
The instrumentation system is described in more detail in an earlier report (Lissaman and
~ Walker, 1978).

For these field tests, the electrical and mechanical efficiency of the Kedco turbine was
calibrated using the same dynamometer system which was discussed earlier in Section 3.3.
As shown in Figure 5-3, the electromechanical efficiency of the Kedco turbine ranged
from 14% to 55%. The field resistance of the alternator was varied from 0 to 14 ohms
using a variable resistance, constant voltage load to control the torque and rpm
characteristics of the system over the tip speed ratio range of the rotor.

The output of the reference anemometer was calibrated prior to the fielld tests using a
synchronous 1800 rpm motor. ‘

5.4 OPERATING PROCEDURE

The testing of the full-scale turbine involved towing the trailer at a fixed air speed (6 to
8 m/sec) with the rotor positioned about 7 m above ground. Once the rotor reached a
selected operating rpm, the output from the turbine including the rpm, field resistance,
output voltage, wind speed, and output current was recorded on a five-channel strip chart
recorder. Typically, a 10~ to 20-second record was obtained at each blade pitch setting.
The runs at each setting were repeated several times and no significant drift, intermit-
tency or scatter was noted.

The tip vane system was tested on the baseline rotor at a fixed yaw, tilt, and angle of
attack. Efforts were not made to optimize the orientation of the tip vanes due to budget
and time constraints. o '
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Figure 5-1. PHOTOGRAPH OF FULL SCALE DYNAMIC INDUCER




PHOTOGRAPH OF FULL SCALE TIP VANES

Figure 5-2.
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. SECTION 6.0

ANALYSIS OF FIELD TEST MEASUREMENTS

6.1 PERFORMANCE OF BASELINE TURBINE

Figure 6-1 shows the power coefficient versus tip speed ratio for the baseline turbine
obtained from the tow-tests for the design feather angle, § = 90, as well as for off-design
conditions, 8= 13". The results indicate a maximim power coefficient of 0.52 occurring
at a tip speed ratio of 4.5. :

Figure 6-2 shows the comparison of the measurements obtained from the full-scale tow
tests with theory and the results from the earlier wind tunnel tests. The results show a
42% ‘higher maximum power coefficient for the full-scale rotor than for the one-third
scale wind-tunnel model. Moreover, the design tip speed ratio is 12% higher for the full-
scale rotor than for the wind tunnel model. While a slightly higher performance is
anticipated for the full-scale rotor due to the higher Reynolds numbers, such a large
increase in performance is suspicious. The reason for the mismatch in power coefficient’
is not clear. A possible explanation may be an inaccuracy in the measurement of the wind
speed. The 42% increase in the maximum power coefficient can result from a 12%
increase in the freestream velocity. Improper positioning of the reference anemometer in
the accelerated flow field of the van used to pull the trailer can account for a 12%
increase in velocity. Significantly, a 12% adjustment of the freestream velocity would
also lower the design tip speed ratio for the full-scale rotor and match the results
obtained in the wind tunnel.

Comparison was made of the results from the present tow-tests with results published
earlier (Lissaman and Walker, 1968). The electrical power output of the turbine was
identical. However, in the earlier report ‘the power coefficient of the turbine was
calculated based on generated electrical power and included all electrical and mechanical
losses in the system. In this report, the power coefficient was based on mechanical power
measured at the rotor shaft (no mechanical or electrical losses were included) since it was
desired to compare the measurements obtained from the field test and wind tunnel test on
a common basis. Thus, higher values of power coefficient are predicted than in the
earlier report. The observed power coefficient of 0.52 for the baseline turbine is
consistent with the earlier measurements when the proper corrections for density and
dynamic pressure are used.

6.2 PERFORMANCE OF DYNAMIC INDUCER

Figure 6-3 shows the power coefficient versus tip speed ratio for the full-scale dynamic
inducer. A maximumn power coefficient of 0.675 was achieved at a tip speed ratio of 4.0
for a feather angle of 8= 10°. The repeatability of the measurements is within about
10%, as shown by the scatter in the data points.

Figure 6-4 shows a comparison of the performance of the full-scale dynamic inducer with
wind tunnel tests and theoretical predictions. The results indicate that the maximum
power coefficient of the dynamic inducer is 11% higher for the field tests than for the
wind tunnel tests. Comparing the performance of full-scale dynamic inducer (Figure 6-4)
with the full-scale rotor (Figure 6-2), a 30% increase in power coefficient is observed.
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Comparison of the results of the field tests with the wind tunnel tests is good
qualitatively, but has differences in magnitude of power coefficient. It is believed these
differences are attributable to scale effect, calibration, geometrical infidelities between
model and actual turbine and various random factors associated with field testing. The
field tests demonstrated tip vane effectiveness. More extensive testing with a better
optimized tip vane will result in further improvements. It is noted that optimization of a
tip speed ratio 1.33 times higher will permit a 33% reduction in tip vane span.

It is recognized that the power coefficients observed during the tow tests of the basic
Kedco turbine, CP ~ 0.5, are higher than corresponding measurements published by Rocky

Flats. The reason for this disagreement is not clear. However, the absolute value of the
power coefficient for the baseline rotor is of secondary importance. The purpose of the
tow tests was to compare the incremental performance of the baseline rotor compared to
the dynamic inducer. The tests demonstrated that the dynamic inducer significantly
improves the performance of the rotor. The differences observed between the existing
tow test measurements and the Rocky Flats measurements should be addressed in a
separate program.

61




SECTION 7.0
CONCLUSIONS AND RECOMMENDATIONS

The conclusions of this study are:

the dynamic inducer system can substantially increase the power output of a
conventional rotor system, -

wind tunnel corrections are very important for augmented turbine systems,
and ‘

the performance benefits of the dynamic inducer system are likely to be
higher for optimized configurations.

The favorable results obtained in this program suggest that the dynamic inducer system
can play a major role in future WECS technology.

To demonstrate the technical and economic advantages of the dynamic inducer system,
work is recommended in the following areas:

development of an optimized dynamic inducer System suitable for commercial
applications such as a two-bladed high tip speed ratio low solidity WECS,

evaluation of the potential economic performance of the optimized

- commercial system, and

validation of the economic and performance benefits of prototype full-scale
dynamic inducer under actual operating conditions.

To develop and refine techniques for testing and evaluating wind turbines, work is
recommended in the following areas: ’ -

validation of the wind tunnel correction factors developed for wind turbines by
means of a series of controlled wind tunnel tests;

validation of the tow-test procedures for evaluation of turbine performance by

- conducting tow tests on the same model at different facilities under controlled

conditions.
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APPENDIX A

PREDICTED PERFORMANCE. OF BASELINE ROTOR CONFIGURATION

The performance of the baseline rotor configuration was calculated from the PROP
program using the specified rotor geometry and the lift and drag characteristics of the’
airfoil. Figure A-1 shows the input airfoil lift and drag characteristics: Table A-1 lists
the output from the program. The printout lists the computational features selected in
the PROP code va.nd the geometry of the rotor, including the radius, chord, and twist
distribution for ten blade element stations. The output consists of the tabulation of the
feather angle (FEATHER), tip speed ratio (X =QR/V o) thrust coefficient
(TC = T/1/2° Vo2 nRz), powér coefficient (PC = P/1/2PV 03 7 RZ), torque coefficient
(Qc =Q/1/2p Vo2 nR3), advance ratio (J = V/nD), coeificient of thrust (CT =T/n nZD"h,
coefficient of power (CP = P/P n°D’ ), coefficient of torque (CQ=Q/r nqu), and
propeller efficiency (ETA = \PC/TC\ min) where Q, R, Vg, P> ™ and D are the rotation
rate (rad/sec), rotor radius, freestream velocity, air density, rotation rate (cycles/sec),
and rotor diameter, respectively. A more detailed description of the PROP code output is
given by Hibbs and Radkey (1980).
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Table A-1. OUTPUT FROM PROP PROGRAM

AIRSLEEY STOHETRY

NUHBER JF BLADES: 3.
COiE ANGLE! 0.00 HUB RMDIUS: .333

L3S rOpELS
J% NONE
it PRANDTL

TIF L0355 WODEL: {  HUB LOSS MODEL: 1
ADVANCED 3RAKE STATE HODEL USED
AIRSCREW ANALIZED AS WINLTURBINE :
WiND EXPOMENT! 0,000 HUB HEIGHT/RADIUS! 1,000 NUWBER OF CIRCUMFERENTIAL STATIONS: i
BLADE ELEMENT DATA .
ELEMENT RADIUS CHORD TWIST

1 2050 0.000. 9,000

2 2130 0.000 0,200
3 23 3,000 0.009
4 + 330 +232 0,000
) »430 »221 -1.400 -
) W33 211 -2.800
7 1030 2200 ~4,290
3 a0 »137  -3.800
7 =~ 2178 =7.000
i0 +950 2187 - -8,400
AIAFJIL SECTION DATA FOR SECTION |
ALPHA cL ALFHA [oh ]
=5,000 -390 =5,000 +018
70000 1,200 =4.000 g
7,300 1,330 4,000 0067
17,090 1,330 7,300 010

12,000 1015
70.000  1.200

DATA FOR SECTION 2

H ALPHA co
=33,009  0.000 =20,900 1,200
=-3,300  -.300 =6+090 1014
70000 1,200 ~4.0049 Q09
1,330 4,000 + 009
1,330 7.000 010
F5.000 0,000 12,000 014
70,300 0,000 99,000  1.200
AIRFOIL SZCTION DATA FOR SECTION 3
ALPHA CL AlFHA co
=90,000  0.009 70,300  1.200
=3.500 ~-,300 =5, 000 013
74900 1,200 =+.0G0 s 009
7,300 1,330 4,000 007
i7,000 1,330 74309 +010
30,900 0,090 12,500 U]
70,000 0,000 70,000 :.200

AIRFOIL SECTION DATA FOR SECTION ¢
HLFHA cL ALPHA 2D
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Table A-1 (continued).

~70,000 0,909 -90,000 1,200
-3.000 509 -5,000 .01
72000 1,200 -£,000 009
7,500 1.330 4,000,009
17,600 1,330 7,000 010
70,000 0,000 12,000 014
93,600 0,000 70,000  1.200
AIRFOIL SECTION DATA FOR SECTION 3
ALFH L ALPHA ot
-50,000  $.000 -90,000 1,200
-3,000  ~,300 -6.000 014
7.000 1,200 -6,000 009
7.500 1,339 4,000,009
17,000 1,330 7.000 010
90,000 9,000 12,000 .0L6
76,060 9,000 90,000 1,200
AIRFOIL SECTION DATA FOR SECTION &
FLPHA cL ALPHA 2
-30.000  0.000 -30.000 1,200
-5,000  ~,300 -5.000 016
7,000 1,200 -4.000 009
7,300 1,330 $5000 607
i7,000 1,330 7,000,010
25,060 5,000 12,000 L0148
50,000 9,000 76,000 1,200
AIRFOIL 3E0TION DATA FOR SECTION 7
ALPHA . CL ALPHA oo
-70.000 3,900 -30,000 1,200
~5,000 =300 -6,000 .Gié
TO00 0 £.200 -4,000  .007
300 1,330 C 000,909
17,090 1,332 7.000 010
30,000 3.009 12,000 L0la
70,000 9,000 70,000 1,200
DATA FIR ZECTIDN 3
SLPHA cD
~33,000 4,009 -33,000 1,200
-3.060 500 S =6.000 014
TOO00 1260 -6,000 L0099
$,500. 1,330 963,609
{7,050 1,339 TLI00 010
F3,000 34000 13,990 L0l
79,000 4.900 0,000 1,200
WIRFOIL SECTION J#Té FOR SECTION 7
ALPHA b SiHA 3
-30,500  5.99 -33,390 1,200
-3, -\ 300 4,333 314
7.0 £,200 -3 353
7.300 1,337 H
17,000 1,339 7
33,090 9,909 12
30,000 0,000 %
AIAFOIL SSCTION DATS 7oA 3Z0TISN o5
SLAHA o ALFHA o3
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Table A-1 (continued).
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Derivation of Equation 3-4




APPENDIX B

Derivation of Equation 3-4

From Equation 3-3

AVa = Aw VW (B-1)

Solving for V,
a 'w -%— | (B-2)

From Equation 3-1
1= MW + MO ' _ (B-3)

Substituting Mw = AW Vw’ Mo =(1 - AW) Vo into the above exprassion

1 =AW VW+(1 -Aw) Vo' - (B-d)

Solving for AW

I-v
0

A = o—= ‘ (B-5)
W vw'vo, ‘

- Substituting Equation B-5 into B-2

VW (Vo - 1)

0

w? ,VO are

non-dimensional being normalized to the tunnel reference area and upstream velocity.

The above expression is correct dimensionally since the parameters A, V



